The lexA gene of Corynebacterium glutamicum ATCC 13032 was deleted to create the mutant strain C. glutamicum NJ2114, which has an elongated cell morphology and an increased doubling time. To characterize the SOS regulon in C. glutamicum, the transcriptomes of NJ2114 and a DNA-damage-induced wild-type strain were compared with that of a wild-type control using DNA microarray hybridization. The expression data were combined with bioinformatic pattern searches for LexA binding sites, leading to the detection of 46 potential SOS boxes located upstream of differentially expressed transcription units. Binding of a hexahistidyl-tagged LexA protein to 40 double-stranded oligonucleotides containing the potential SOS boxes was demonstrated in vitro by DNA band shift assays. It turned out that LexA binds not only to SOS boxes in the promoteroperator region of upregulated genes, but also to SOS boxes detected upstream of downregulated genes. These results demonstrated that LexA controls directly the expression of at least 48 SOS genes organized in 36 transcription units. The deduced genes encode a variety of physiological functions, many of them involved in DNA repair and survival after DNA damage, but nearly half of them have hitherto unknown functions. Alignment of the LexA binding sites allowed the corynebacterial SOS box consensus sequence TcGAA(a/c)AnnTGTtCGA to be deduced. Furthermore, the common intergenic region of lexA and the differentially expressed divS-nrdR operon, encoding a cell division suppressor and a regulator of deoxyribonucleotide biosynthesis, was characterized in detail. Promoter mapping revealed differences in divS-nrdR expression during SOS response and normal growth conditions. One of the four LexA binding sites detected in the intergenic region is involved in regulating divS-nrdR transcription, whereas the other sites are apparently used for negative autoregulation of lexA expression.
INTRODUCTION
The SOS response is an inducible global regulatory network that allows bacteria to survive sudden increases in DNA damage (Walker, 1984) . A key component of the SOS repair pathway of the bacterial cell is the transcription regulator LexA. Sequence homologues of LexA are encoded in almost all bacterial genomes sequenced to date, indicating an ancient origin and a widespread distribution of the lexA gene and the SOS response (Erill et al., 2007) . The SOS repair pathway was first identified and thoroughly studied in the Gram-negative model organism Escherichia coli (Walker, 1984) . The underlying gene regulatory network is controlled by a complex interplay involving the LexA and RecA proteins (Friedberg et al., 2005; Little & Mount, 1982) . Under normal growth conditions LexA binds as a dimer to specific operators, termed SOS boxes, thereby repressing the transcription of SOS genes by sterically occluding binding of RNA polymerase to the promoter (Brent & Ptashne, 1981; Little et al., 1981; Butala et al., 2009) . Exposure of the cell to agents or conditions that damage DNA induces the SOS response by binding of RecA to regions of single-stranded DNA that arise from blocked replication forks or during processing of damaged DNA (Sassanfar & Roberts, 1990) . This DNA binding converts RecA to an activated form, referred to as RecA*, which in turn interacts with LexA and facilitates the autoproteolytic cleavage of the LexA repressor (Little, 1991) . Autocleavage of LexA is carried out at a particular alanine-glycine bond by a reactive serine residue acting as a nucleophile and a lysine residue being an activator of the cleavage reaction (Slilaty & Little, 1987) . Autocleavage generates two polypeptides, thereby stopping DNA binding of LexA and enabling derepression of the SOS regulon. The SOS regulon of E. coli is involved in various cellular processes, such as nucleotide excision and recombination repair (uvrABD, recN, ruvAB) , error-prone replication (polB, dinB, umuDC) and inhibition of cell division (sulA). The degree of induction of SOS gene expression depends on at least four parameters: (i) the affinity of LexA for the SOS box, (ii) the location of the SOS box relative to the promoter, (iii) the promoter strength, and (iv) the presence of any additional constitutive promoters (Friedberg et al., 2005; Schnarr et al., 1991; Walker, 1996) . Detailed examination of LexA binding in E. coli has been conducted in two studies using genome-wide techniques and chromatin immunoprecipitation (ChIP)to-chip analysis, enabling the classification of 31 and 49 genes into the LexA regulon, respectively (Fernández de Henestrosa et al., 2000; Wade et al., 2005) . In similar approaches, the SOS system of the Gram-positive bacterium Mycobacterium tuberculosis has been analysed, leading to the detection of 15 DNA-damage-inducible genes as members of the LexA regulon, which contains, among others, the lexA, recA and dnaE2 transcription units (Brooks et al., 2001; Davis et al., 2002) . Analysis of LexA binding in vivo revealed that the mycobacterial SOS box is specified by the consensus sequence TCGAACnnnnGTTCGA . However, many of the DNA repair genes of M. tuberculosis have been shown to be DNA-damage-inducible in a LexA/RecAindependent manner, revealing the existence of an overlapping stress response system in mycobacteria (Gamulin et al., 2004; Rand et al., 2003) .
In the present study, we investigated the SOS regulon of the Gram-positive bacterium Corynebacterium glutamicum using whole-genome DNA microarray hybridization analysis of the SOS response of a lexA mutant and a wild-type strain incubated in the presence of the DNA-damage-inducing agent mitomycin C. This global strategy, in conjunction with bioinformatic pattern searches, permitted the detection of LexA binding sites in the C. glutamicum genome sequence and revealed a set of target genes that are under direct transcriptional control by LexA. Interaction of LexA with the respective SOS boxes was investigated in vitro by electrophoretic mobility shift assays with purified protein. The results provided evidence that LexA predominantly functions as a repressor, but might also be involved in activation of gene expression. The deduced LexA regulon was then integrated into the current transcriptional regulatory network model of C. glutamicum.
METHODS
Bacterial strains, plasmids and growth conditions. Bacterial strains and plasmids used and constructed in this study are listed in Table 1 . E. coli DH5aMCR was grown at 37 uC in Luria-Bertani (LB) medium (Sambrook et al., 1989) and used for standard cloning procedures. E. coli BL21(DE3)pLysS was used for heterologous expression of LexA from the T7 promoter. C. glutamicum ATCC 13032 and the lexA mutant C. glutamicum NJ2114 were routinely grown at 30 uC in CGXII minimal medium containing 30 mg protocatechuic acid l 21 and 420 mg thiamine l 21 (Keilhauer et al., 1993) . Antibiotics for plasmid selection were kanamycin (50 mg ml 21 for E. coli and 25 mg ml 21 for C. glutamicum) and ampicillin (200 mg ml 21 for E. coli). Growth of C. glutamicum strains was monitored at time intervals of 15 min by nephelometry using a Nephelostar Galaxy nephelometer (BMG Laboratories). Growth of shake-flask cultures was monitored by measuring the OD 600 with an Eppendorf BioPhotometer. To induce the SOS response of C. glutamicum, 0.2 mg mitomycin C ml 21 (Movahedzadeh et al., 1997) was added to exponentially growing cultures at OD 600 8.
DNA techniques. Preparation of plasmid DNA from E. coli cells by the alkaline lysis technique was performed using the QIAprep Spin Miniprep kit (Qiagen). The alkaline lysis protocol was modified for C. glutamicum cells by using 20 mg lysozyme ml "1 in resuspension buffer P1 and incubation at 37 uC for 2 h. Chromosomal C. glutamicum DNA was prepared as described previously (Tauch et al., 1995) . Modification of DNA, analysis by agarose gel electrophoresis and ligation were performed by standard procedures (Sambrook et al., 1989) . Transformation of plasmid DNA was carried out with electrocompetent E. coli and C. glutamicum cells (Tauch et al., , 2002 . DNA amplification by PCR was performed with a PTC-100 thermocycler (MJ Research) and BIOTAQ DNA polymerase (Bioline) or Phusion Hot Start High-Fidelity DNA polymerase (Finnzymes). PCR products were purified with the PCR Purification Spin kit (Qiagen). Oligonucleotides used in this study are listed in Supplementary Table S1 .
Construction of a defined lexA deletion in C. glutamicum. The gene SOEing (gene Splicing by Overlap Extension) procedure (Horton et al., 1989) was applied to establish a defined deletion of 321 nt within the 762 bp lexA coding region, leaving 197 bp at the 59 end and 244 bp at the 39 end of the coding region, respectively. By this method, 91 bp of the 198 bp stretch encoding the helix-turnhelix domain of LexA was deleted. The PCR primers used were cg2114del1-cg2114del4 ( Supplementary Table S1 ). The resulting pK18mobsacB derivative pK18mobsacB_D2114 was suitable for performing an allelic exchange by homologous recombination in the chromosome of C. glutamicum ATCC 13032 (Schäfer et al., 1994) including the native promoter, was amplified by PCR with the primer pair compl_1 and compl_2 ( Supplementary Table S1 ) and cloned in E. coli into the shuttle vector pEC-K18mob2 (Table 1) .
Atomic force microscopy (AFM) of C. glutamicum strains. C. glutamicum strains were grown on solid LB medium at 30 uC for 3 days. Aliquots of cells were resuspended in 10 mM Tris/HCl (pH 7.0) and immobilized by drying on glass plates treated with 0.1 % polyethyleneimine. The samples were rinsed with 2 ml ultrapure deionized water (Millipore) to remove weakly attached bacteria. Subsequently, the probes were dried under a gentle flow of nitrogen gas. AFM measurements were conducted at room temperature using an MFP-3D Stand Alone Atomic Force Microscope (Asylum Research). The AFM was operated in tapping mode (Möller et al., 1999) at a scan line frequency of 0.8-1 Hz, using BS-Tap300Al silicon non-contact cantilevers (NanoAndMore) with a nominal spring constant of 40 N m 21 . Raw images were processed for background removal (flattening) by using the image-processing software of the microscope.
Preparation of total RNA and measurement of mRNA levels by real-time RT-PCR assays. Preparation of total RNA from C. glutamicum cultures was carried out as described previously . Differential gene expression was measured by real-time RT-PCR with a LightCycler instrument (Roche Diagnostics) and SensiMix One-Step kit (Quantace). All measurements were performed for two biological replicates and with two technical replicates per biological replicate. The amounts of the mRNAs of the genes were normalized with respect to total RNA, and the relative change in transcription rate was determined as 2 2DCP , with DCP being equal to the difference of the measured crossing points for the test and the control condition. Crossing points were calculated using the LightCycler software (Roche Diagnostics).
Mapping of transcriptional start sites by rapid amplification of cDNA ends (RACE)-PCR. Transcriptional start sites were determined by using the 59/39 RACE kit Second Generation (Roche Diagnostics) according to the manufacturer's instructions. The resulting PCR products were cloned into the pCR2.1-TOPO vector (Invitrogen) and transferred into chemically competent E. coli TOP10 cells. Sequencing of cloned DNA fragments was performed by IIT Biotech.
Hybridization of whole-genome DNA microarrays. Samples (8 mg) of total RNA from C. glutamicum cultures were used for cDNA synthesis. The labelling of probes and hybridization of the C. glutamicum whole-genome DNA microarray were performed as described previously (Brune et al., 2006; Hüser et al., 2003) . Hybridization experiments were performed with RNA probes from two biological replicates of each strain, including label swapping. Since each DNA microarray contains four replicates per C. glutamicum gene, a total of eight spots per gene were available for calculating differential gene expression. Mean signal and mean local background intensities were determined for each spot of the microarray images by using the ImaGene 6.0 software for spot detection, image segmentation and signal quantification (BioDiscovery). After substraction of the local background intensities from the signal intensities, the log 2 value of the ratio of intensities was calculated for each spot according to the formula M i 5log 2 (R i /G i ), where R i 5I ch1i 2Bg ch1i and G i 5I ch2i 2Bg ch2i ,, and I ch1i or I ch2i is the intensity of a spot in channel 1 or channel 2, and Bg ch1i or Bg ch2i is the background intensity of a spot in channel 1 or channel 2, respectively. The average intensity in both channels was calculated for each spot according to the formula A i 5log 2 !(R i G i ). Data normalization was carried out with the LOWESS function, and t-test statistics were calculated with the EMMA software package . To minimize the number of false-positive signals, the data were stringently filtered to obtain genes with at least six statistically significant values out of the eight technical replicates, applying an error probability of less than 5 % for the t test and using a signal intensity ratio (m-value) cut-off of ±1, which corresponds to relative expression changes equal to or greater than twofold (Brune et al., 2006; Hüser et al., 2003) .
Overexpression and purification of the C. glutamicum LexA protein. The coding region of the lexA gene was amplified by PCR with the primer pair his_1 and his_2 ( Supplementary Table S1 ), introducing restriction sites into the PCR product for NdeI at the 59 end and BamHI at the 39 end, respectively. Subsequently, the PCR product was digested with NdeI and BamHI and cloned into the expression vector pET-15b to give plasmid pET-15b_cg2114 (Table 1) , which was transferred into E. coli BL21(DE3)pLysS. To overexpress the recombinant LexA protein, E. coli cultures were grown at 37 uC in LB medium containing 200 mg ampicillin ml 21 . Induction was carried out at OD 600 0.5 by adding IPTG to a final concentration of 0.1 mM. Cells were harvested 3 h after induction, resuspended in lysis-equilibration-wash (LEW) buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, one tablet of Roche Complete Mini protease inhibitors per 10 ml, pH 8.0) and transferred to a RiboLyser tube (Hybaid). Cell disruption by means of the RiboLyser instrument was carried out with a speed rate of 6.5 and two time intervals of 30 s with ice-cooling of 1 min in between. The LexA protein was purified from the crude protein extract by means of the hexahistidyl-tag introduced from the vector sequence using Protino Ni-TED 1000-packed columns (Macherey-Nagel). The resin column was washed twice with 2 ml LEW buffer after loading of the crude protein extract. The tagged LexA protein was eluted with 1.5 ml LEW buffer containing 100 mM imidazole. The resulting eluate was concentrated using Amicon Ultra-4 10 000 molecular weight cut-off centrifugal filter units (Millipore). The protein concentration was determined with the Bio-Rad protein assay kit (Bio-Rad Laboratories). To verify the purification of the tagged LexA protein, the eluate was analysed by SDS-PAGE, and an in-gel digestion with modified trypsin (Promega) was carried out. A peptide mass fingerprint of the purified protein was determined by MALDI-TOF MS, using an Ultraflex mass spectrometer (Bruker Daltonics) and the MASCOT software.
DNA band shift assays with hexahistidyl-tagged LexA protein.
Electrophoretic mobility shift assays were performed using indocarbocyanine (Cy3)-labelled 40-mer oligonucleotides that were annealed with complementary oligonucleotides to dsDNA fragments by heating for 5 min at 94 uC and cooling to 8 uC in steps of 1 uC per 10 s. Bioinformatic pattern searches. The annotated version of the C. glutamicum ATCC 13032 genome sequence (NC_006958) was used to perform a genome-wide screening for putative LexA binding sites. Potential SOS boxes located in the upstream regions of lexA (cg2114), recA (cg2141), recN (cg1602), uvrA (cg1560) and dnaE2 (cg0738) were used as seed information. Alignments of putative LexA binding sites were generated with the CLUSTAL_X program (Thompson et al., 1997) .
The pattern search was accomplished by profile hidden Markov model (HMM) analysis using the HMMER software package (Eddy, 1998) and by position weight matrix modelling with the PoSSuMsearch tool (Beckstette et al., 2006) . According to genomewide data on the location of operators in the C. glutamicum genome sequence (Baumbach et al., 2007) , only SOS boxes detected from 2600 bp to +20 bp relative to the translation start were taken into account for further analysis. The WebLogo program (Crooks et al., 2004) was used to visualize the consensus sequence of C. glutamicum SOS boxes.
RESULTS
The genomic context of the lexA gene is conserved in corynebacteria
The LexA protein (Cg2114) of C. glutamicum ATCC 13032 has a predicted size of 253 aa and a theoretical molecular mass of 27.3 kDa (Brune et al., 2005) . Protein domain predictions performed with the SUPERFAMILY tools (Gough et al., 2001) showed that the LexA protein contains an amino-terminal helix-turn-helix motif of the wingedhelix type (amino acid residues 31-96) and a carboxyterminal LexA/signal peptidase domain (amino acid residues 133-252). According to BLASTP data (Altschul et al., 1997) , the C. glutamicum LexA protein revealed 30 and 54 % sequence similarity to the orthologous proteins from E. coli and M. tuberculosis, respectively. The amino acid residues serine-119 and lysine-156, relevant for LexA cleavage (Slilaty & Little, 1987) , are conserved in all three proteins as well as the amino acids alanine-84 and glycine-85, constituting the site for autoproteolytic cleavage of LexA (Little & Mount, 1982) . The lexA gene (cg2114) of C. glutamicum ATCC 13032 is located in a head-to-head arrangement with the divS-nrdR (cg2113-cg2112) transcription unit ( Fig. 1a ), encoding a cell division suppressor and a regulator of deoxyribonucleotide biosynthesis (Borovok et al., 2004; Ogino et al., 2008; Rodionov & Gelfand, 2005) . Downstream of the nrdR gene, a coding region for a putative ATP-dependent helicase has been predicted ( Fig. 1a ). This genetic arrangement is conserved in all currently known corynebacterial genome sequences, with the exception that an insertion sequence is integrated between divS and nrdR in the Corynebacterium efficiens YS-314 genome ( Fig. 1a ). Accordingly, LexA and NrdR both belong to the small core set of 24 transcription regulators that have been detected in all hitherto sequenced corynebacterial genomes Tauch et al., 2008) .
Deletion of the lexA gene results in an increased doubling time and an elongated cell morphology
To characterize the physiological role of the lexA gene in C. glutamicum ATCC 13032, a mutant strain with a defined deletion in the lexA coding region was constructed by an allelic exchange procedure (Schäfer et al., 1994) . Subsequently, the growth of the lexA mutant C. glutamicum NJ2114 was monitored by nephelometry and compared with that of the wild-type strain ( Fig. 2a ). The growth assays revealed that C. glutamicum NJ2114 is able to grow in CGXII minimal medium with a 2.6-fold increased doubling time (9.09±1.24 h) compared with the wild-type, which has a doubling time of 3.46±0.12 h. The growth deficiency of C. glutamicum NJ2114 was complemented (doubling time 4.5±0.28 h) by transformation with plasmid pEC-K18mob2_cg2114 carrying the native lexA gene (Fig. 2b) . As expected, the empty cloning vector pEC-K18mob2 failed to complement the growth phenotype of the lexA mutant (doubling time of 8.27±0.43 h) in the control assay (Fig. 2b) . The doubling time of the equivalent plasmid-containing control strain C. glutamicum ATCC 13032 [pEC-K18mob2] was 2.78±0.15 h.
Furthermore, the deletion of the lexA gene in C. glutamicum NJ2114 cells resulted in striking morphological changes when compared with the wild-type strain (Fig. 2c) . Images of C. glutamicum NJ2114 cells generated by AFM showed that the mutant cells are elongated and apparently grow without septation. Length measurements of 100 cells per strain revealed an approximately fivefold increase in average cell length of C. glutamicum NJ2114 (5.35±1.92 mm) compared with wild-type cells (1.18±0.22 mm). The lexA mutant cells showed variations in cell length from 3.5 to 17 mm, with the most prominent group of cell lengths ranging from 4.5 to 5.5 mm. The average cell length of the complemented lexA mutant was almost identical (1. 07±0.16 mm) to that of the wild-type strain. In summary, growth assays and AFM images suggested (i) that the defined deletion within the lexA gene affected the doubling time of the mutant strain, and (ii) that the cell division process of C. glutamicum is subject to direct or indirect regulation by LexA.
Deletion of the lexA gene results in elevated transcription of recA, recN, uvrA and dnaE2
The defined deletion established in the lexA coding region of C. glutamicum NJ2114 should, in principle, affect the expression of potential target genes of the transcription regulator LexA. As a proof of principle, differential expression of several potential target genes was examined by real-time RT-PCR assays, comparing their expression in the lexA mutant C. glutamicum NJ2114 to that in C. glutamicum ATCC 13032. For these assays we selected recA (cg2141), recN (cg1602) and uvrA (cg1560), since these genes are part of the LexA regulatory network in E. coli, as well as dnaE2 (cg0738) Accordingly, we first searched for all genes that are differentially expressed in C. glutamicum NJ2114 by comparing the transcriptome of the defined lexA mutant to that of the wild-type strain. The resulting ratio/intensity (m/a) plot of the normalized data is presented in Fig. 3(a) . By applying a ratio cut-off of ±1, which is equivalent to relative expression changes of at least twofold, a total of 350 genes showed differential expression levels in C. glutamicum NJ2114, comprising 191 genes with increased expression (m-value ¢1) and 159 genes with decreased expression (m-value ¡21). As expected from the previous RT-PCR data, recA, recN, uvrA and dnaE2 were detected among the genes with increased expression in C. glutamicum ATCC 13032 grown in the presence of mitomycin C with that of the wild-type strain grown under standard conditions. The data were deduced from two DNA microarray hybridizations using total RNA probes from two biological replicates, including label swapping. Genes showing significantly increased or decreased expression levels are marked with black diamonds; genes without differential expression patterns are indicated by grey diamonds. Differentially expressed genes characterized by the presence of a potential SOS box in the upstream region of the corresponding transcription unit are labelled with gene names or identifiers. Genes were classified as being differentially expressed using the following cut-offs: m-value ¢1.0, upregulation; m-value ¡"1.0, downregulation. The cut-offs correspond to relative changes in gene expression of at least twofold.
glutamicum NJ2114, as well as other genes typically belonging to bacterial SOS regulons, such as recX and ruvABC (Fig. 3a) . The gene with the highest change in its expression level (m-value 5.76) was divS, which is located in a head-to-head arrangement with the lexA coding region ( Fig. 1a) . Expression of the nrdR gene, which is located downstream of divS, was also elevated in C. glutamicum NJ2114 (m-value 3.07). The great number of differentially expressed genes detected by this comparative transcriptomic approach is most likely to be caused by the observed differences in growth of the two strains ( Fig. 2a) , and many genes that are not directly regulated by LexA binding may have been induced.
To obtain more experimental data about the direct regulatory role of LexA, we performed a second DNA microarray hybridization experiment by comparing the gene expression of C. glutamicum wild-type cells cultivated in the presence of 0.2 mg mitomycin C ml 21 with that of wild-type cells grown under standard conditions ( Fig. 3b ).
Mitomycin C is a chemical agent known to cross-link complementary DNA strands by alkylation of guanines, thereby inducing the bacterial SOS response (Iyer & Szybalski, 1963; Movahedzadeh et al., 1997) . The DNA microarray hybridization revealed 81 genes with differential expression in the wild-type upon mitomycin Cmediated induction of the SOS response. Transcription of 64 genes was increased, and 17 genes showed decreased transcription levels (Fig. 3b) . The gene with the highest change in relative expression was again divS (m-value 5.12). Furthermore, the recA, recN, uvrA, dnaE2, recX and ruvABC genes as well as lexA and nrdR showed higher expression levels in the presence of mitomycin C (Fig. 3b) .
A comparison of the datasets deduced from both DNA microarray hybridizations led to the detection of 31 genes with increased expression levels under both experimental conditions, whereas six genes showed decreased expression levels in both experimental set-ups (data not shown).
Detection of potential SOS boxes in front of differentially expressed genes
The results of the DNA microarray hybridizations were subsequently combined with data from bioinformatic pattern searches to determine the subset of differentially expressed genes that are specified by the presence of potential LexA binding sites in their upstream region. The SOS boxes detected upstream of recA, recN, uvrA and dnaE2 as well as motifs found in the lexA-divS intergenic region (Table 2) provided the seed information for bioinformatic pattern searches. A multiple sequence alignment of the SOS boxes was used for position weight matrix modelling with the pattern recognition software PoSSuMsearch (Beckstette et al., 2006) and for generating a profile HMM with the HMMER software package (Eddy, 1998) . Both models were used to search the C. glutamicum ATCC 13032 genome sequence for the presence of additional SOS boxes, and the genomic positions of the resulting hits were assigned to upstream regions of differentially expressed genes deduced from the DNA microarray hybridizations. Using this combined bioinformatic approach, 34 potential LexA binding sites were detected in front of differentially expressed genes (Tables 2  and 3) . Both models detected a common set of 31 potential LexA binding sites, whereas three motifs (in front of cg0742, cg1059 and cg1871) were only found with PoSSuMsearch. Each gene is preceded by a single LexA binding site, with the exception of the lexA-divS intergenic region, which contains three potential SOS boxes (Table 2) . Moreover, a single LexA binding site was found in the intergenic region of the differentially expressed genes cg1559 and cg1560 (uvrA), which are arranged head-tohead, giving a total number of 34 transcription units that might be under direct transcriptional control by LexA (Tables 2 and 3) . Twenty potential LexA binding sites were assigned to genes showing upregulation under both experimental conditions (Table 2) , 10 motifs were found upstream of genes that are differentially expressed in the lexA mutant (Table 3) , and four motifs were located in front of genes that are differentially expressed in the wildtype strain when grown in the presence of mitomycin C ( Table 3) .
Verification of predicted LexA binding sites in vitro by DNA band shift assays
To demonstrate binding of LexA to the predicted operator sequences, all SOS boxes detected in front of differentially expressed genes were analysed by DNA band shift assays (Fig. 4) . For this purpose, the C. glutamicum LexA protein was labelled with a hexahistidyl tag and subsequently purified by affinity chromatography (data not shown). DNA band shift assays were carried out with the tagged LexA protein and double-stranded, Cy3-labelled 40-mers containing the 16 bp motif of the SOS box in the centre, flanked by 12 bp of native genomic sequences on both sides (Fig. 4) . Binding of the purified LexA protein to the SOS boxes was established with 40-mers located upstream of dnaE2, uvrA and recN (Fig. 4a) . In each case, a retardation of the DNA fragment was observed when LexA protein was added to the band shift assay. Furthermore, mutated versions of the 16 bp motifs were generated by introducing transitions. In these cases, the purified LexA protein failed to shift the mutated operator sequences. On the other hand, transitions introduced into the flanking regions of the SOS boxes did not affect binding of LexA (Fig. 4a) . Additional DNA band shift assays with 40-mers containing known operators for LtbR (in front of leuC) and GlxR (in front of glxR) served as negative controls.
These results demonstrated the specific interaction of LexA with defined 40-mers containing a potential SOS box.
Subsequently, we investigated the role of SOS boxes detected upstream of genes that were differentially expressed compared with the wild-type in both C. glutamicum NJ2114 and the wild-type strain grown in the presence of mitomycin C (Fig. 4b) . The purified LexA protein interacted with all potential SOS boxes, with the exception of the 40-mer sequence found upstream of cglIM (cg1996). Likewise, SOS boxes detected in either C. glutamicum NJ2114 or the DNA-damage-induced wildtype strain were analysed (Fig. 4c) . Band shifts were observed for all genes that showed increased expression levels in the initial DNA microarray hybridizations. Interestingly, the purified LexA protein also interacted with two 40-mers detected in front of downregulated genes (cg0834 and putP), indicating a regulatory role of LexA in activating the expression of the respective genes. SOS boxes detected upstream of the three other downregulated genes (cg0277, leuA and cg0493) were not shifted by LexA. In summary, 30 out of the 34 detected motifs showed a clear interaction with the purified LexA protein in vitro, suggesting that the corresponding transcription units are part of the C. glutamicum LexA regulon. Motifs not shifted by LexA are most likely to be false-positive predictions due to the small set of input data used for generating the HMM and the position weight matrix.
Iterative search for SOS boxes and delineation of the C. glutamicum SOS box consensus sequence
To refine the bioinformatic prediction of potential SOS boxes, the 30 motifs shown to interact with the purified LexA protein were used to build an improved HMM and to search the C. glutamicum genome sequence again. This refined HMM prediction detected all previously analysed LexA binding sites with the exception of the motifs found in front of cg0277, leuA and cg0493. These motifs had tested negative in DNA band shift assays (Fig. 4) , supporting the view that they were false-positive predictions. Twelve additional LexA binding sites located in front of differentially expressed genes were detected by the improved HMM (Table 4) , among them a fourth LexA binding site in the lexA-divS intergenic region ( Fig. 1a ) and further SOS boxes upstream of cg1059, cg1884, cg1977 and cg2504. DNA band shift assays performed with corresponding 40-mers were positive for eight LexA binding sites and revealed weak interactions of LexA with the motifs in front of cg1059 and pdxS (Fig. 4d) . No DNA band shifts were observed with 40-mers representing the upstream regions of cg2504 and cg2796. The HMM was again refined by including the nucleotide sequences of the 10 verified LexA binding sites, and was used for an additional genome-wide motif prediction. No further LexA binding sites were detected in front of differentially expressed genes with the iteratively improved HMM, resulting in a total set of 40 verified motifs that were bound by LexA in vitro.
The 40 SOS boxes recognized by LexA were used to delineate their consensus sequence in C. glutamicum ATCC 13032. The respective sequence logo was visualized with the WebLogo tool (Fig. 5) . The C. glutamicum SOS box is specified by the 16 bp consensus sequence TcGAAmAnnTGTtCGA (m5A or C) and is highly similar , 2004) . However, the centre of the SOS box consensus sequence from C. glutamicum seems to be more conserved than is the case with M. tuberculosis, with an A at position 7 and a T at position 10 of the motif. A WebLogo graphic generated with the complete set of verified 40-mer sequences showed that none of the surrounding nucleo-tides was conserved (data not shown), supporting the view that the relevant information for LexA binding is confined to the 16 bp motif.
Verification of differential gene expression by RT-PCR and delineation of the C. glutamicum LexA regulon
The transcriptomic data and results from the DNA band shift assays were combined with the genome annotation of , and glxR, containing a GlxR binding site (Jungwirth et al., 2008) . (b) DNA band shift assays with potential LexA binding sites detected upstream of genes that show differential expression in C. glutamicum NJ2114 and C. glutamicum ATCC 13032 grown in the presence of mitomycin C. (c) DNA band shift assays with potential LexA binding sites detected in front of genes that show differential expression in either C. glutamicum NJ2114 or C. glutamicum ATCC 13032 grown in the presence of mitomycin C. (d) DNA band shift assays with potential SOS boxes found by an iterative HMM search, using all previously shifted LexA binding sites as input information for motif modelling. Price et al., 2005) . According to this integrated dataset, 48 genes organized in 36 transcription units are apparently part of the C. glutamicum LexA regulon (Tables 2, 3 and 4) . Differential expression of the potential SOS genes was evaluated further by performing more sensitive real-time RT-PCR assays and comparing transcription in the lexA mutant C. glutamicum NJ2114 and the wild-type strain C. glutamicum ATCC 13032 after mitomycin C-mediated induction of the SOS response with that of a wild-type control. The results confirmed the initial data obtained by comparative DNA microarray hybridizations, since all genes revealed an at least twofold change of the expression level (Tables 2, 3 and 4) . Expression of the lexA gene was not measurable in C. glutamicum NJ2114 due to the deletion of the coding region, but its upregulation (6.86fold) was detected in the wild-type strain incubated in the presence of mitomycin C, indicating negative autoregulation of the lexA gene. The SOS genes differ widely with respect to the degree to which they are deregulated by the lexA gene deletion or the induction of the SOS response by mitomycin C. The most tightly repressed SOS gene was divS, with a 620-fold enhanced mRNA level in the lexA mutant and a 335-fold enhancement of expression in the presence of mitomycin C (Table 2) .
Function predictions for the SOS genes were obtained from the genome annotation of C. glutamicum ATCC 13032 and revealed a wide spectrum of activities involved in the SOS response of this bacterium.
The genes recA, recX, recN, lexA, uvrA, ruvCAB and dnaE2 are well known from the SOS regulons of E. coli and M. tuberculosis Pages et al., 2003; Stohl et al., 2003; Walker, 1984) . Additional genes are apparently involved in DNA repair (cg0714, cg1318, cg1319, radA) and the corynebacterial cell division process (divS, ftsK).
General function predictions are available for 12 SOS genes, including genes that encode a putative multicopper oxidase (cg1080), a putative Zn-dependent hydrolase (cg1559), a putative iron-dependent peroxidase (cg1881), and two predicted HNH endonucleases (cg1255, cg2733) containing HNHc domains (Stoddard, 2005) . Four additional genes encoding proteins with HNHc domains are also part of the LexA regulon (Tables 2 and 3) . Two genes involved in pyridoxine biosynthesis (pdxS, pdxT) and a gene responsible for proline uptake for anabolic purposes (putP) were downregulated in expression. The remaining genes encode hypothetical proteins with unknown functions, including secreted proteins, putative membrane proteins and potential transporters (Tables 2, 3 and 4) .
The only regulatory genes directly controlled by the LexA protein are lexA itself and the divergently oriented divS and nrdR genes, encoding a regulator of cell division and a DNA binding transcription regulator of ribonucleotide reductase, respectively (Borovok et al., 2004; Ogino et al., 2008; Rodionov & Gelfand, 2005) . Interestingly, the three regulatory genes are located in a highly conserved gene region of the hitherto sequenced corynebacterial genomes (Fig. 1a) .
Genetic organization of the lexA-divS intergenic region of C. glutamicum deduced from promoter mapping
The lexA-divS intergenic region contains four SOS boxes that were bound by LexA in vitro (Fig. 4b, d) . To understand the regulatory role of these SOS boxes in controlling the expression of lexA and the divergently oriented divS-nrdR cluster, promoter mapping was performed. The transcription start sites of lexA and divS were identified by the 59 RACE method with RNA probes purified from C. glutamicum ATCC 13032 cultures grown under standard conditions as well as from RNA probes obtained from the wild-type strain incubated with mitomycin C. Based on the detected transcription start sites and the known consensus motif for corynebacterial promoters (Pátek et al., 2003) , potential 210 and 235 promoter regions were deduced (Fig. 1b) . Under both growth conditions, the transcription start site of lexA was detected 142 bp upstream of the annotated start codon. The deduced 235 (gTaCCA) and 210 (TATggT) promoter regions were both identical at the four positions to the respective consensus motifs TTGCCA and TA(C/T)AAT.
On the other hand, transcription of divS-nrdR was initiated from two promoters (Fig. 1b) . Under normal growth conditions, two transcription start sites were detected, 25 and 94 bp upstream of the annotated start codon of divS.
The distal promoter gave better matches with the consensus sequence (235, TaGaCA; 210, TATAAa) than the proximal promoter (235, TTcgaA; 210, TAagAT). For the proximal promoter, further experiments are necessary to support the view that mapping revealed a valid transcriptional start site rather than an mRNA processing product. In the presence of mitomycin C, only transcripts initiated from the distal promoter of divS were detected. Therefore, the LexA binding sites LexA-3 and LexA-4 are located downstream of the transcription start site of lexA, and LexA-2 overlaps with the 235 region of the lexA promoter. Hence, these SOS boxes would seem to be involved in negative autoregulation of lexA expression.
LexA-1 is located between the two promoters of the divS-nrdR cluster and seems to negatively control transcription from the distal promoter under standard growth conditions ( Fig. 1b) , indicating a distinction between houskeeping and SOS gene expression.
DISCUSSION
Functional composition of the C. glutamicum SOS regulon: DNA replication, recombination and repair
In this study, the SOS regulon of C. glutamicum was elucidated by the combined use of DNA microarray technology, bioinformatic pattern searches and electrophoretic mobility shift assays. It consists of at least 48 genes that are differentially expressed compared with the wildtype strain in both a lexA mutant strain and/or the wildtype strain grown in the presence of the DNA-damaging agent mitomycin C. These genes are organized in 36 transcription units containing in their respective promoter regions SOS boxes that are bound by purified LexA protein in vitro. The genes belonging to a proposed core set of LexA regulons, namely lexA, recA, ruvABC, uvrA and ssb (Erill et al., 2007) , were detected in both hybridization experiments, with the exception of ssb (cg3307), which revealed no differential expression pattern under both experimental conditions. In addition to the members of the SOS core set, several genes involved in DNA replication, recombination and repair were identified as part of the LexA regulon in C. glutamicum, including dnaE2, cg0713 and cg0714 (Tables 2  and 4 ).
The DnaE2 protein is a paralogue of the major replicative DNA polymerase subunit DnaE, representing the a chain of DNA polymerase III (Boshoff et al., 2003; Galhardo et al., 2005) . The homologous DnaE2 protein of M. tuberculosis is also regulated by LexA and is postulated to participate in error-prone DNA repair synthesis, resulting in SOS-induced mutagenesis (Boshoff et al., 2003) . The C. glutamicum proteins Cg0713 and Cg0714 may also play a role in the DNA repair system of the cell. Expression of the homologous genes rv3395c and rv3394c from M. tuberculosis is DNA-damage-inducible (Boshoff et al., 2003; Rand et al., 2003) , and the upstream region of rv3395c contains a mycobacterial SOS box . The cg0714 and rv3394c genes encode putative DNA polymerase IV proteins that contain a conserved PolY-like domain, placing them in the group of Y-family DNA polymerases involved in DNA repair (Ohmori et al., 2001) .
Orthologues of rv3394c form putative operons with dnaE2 in Propionibacterium acnes and Caulobacter crescentus (Galhardo et al., 2005) . The Caulobacter crescentus protein, termed ImuB, has been proposed to cooperate with DnaE2 during the error-prone processing of DNA lesions, allowing the continuation of DNA replication (Galhardo et al., 2005) . Further analysis of the genomic organization in Actinomycetales reveals that the M. tuberculosis protein Rv3395c may represent a functional counterpart of ImuA, which is also required for error-prone processing of DNA lesions in Caulobacter crescentus (Galhardo et al., 2005) , indicating a similar role for the C. glutamicum protein Cg0713.
In E. coli, three SOS-regulated DNA polymerases are involved in DNA damage tolerance (Napolitano et al., 2000) . These are (i) Pol II, encoded by polB and belonging to the B-family of DNA polymerases; (ii) Pol IV, encoded by dinP (alternatively designated dinB); and (iii) Pol V, encoded by umuC. DinP and UmuC both belong to the Yfamily of DNA polymerases (Ohmori et al., 2001) . The dinP (cg2355) gene of C. glutamicum was not differentially expressed under the experimental conditions used for DNA microarray hybridization, although a putative SOS box was identified upstream of the coding region (data not shown).
Likewise, a mycobacterial SOS box has been found in front of dinP of M. tuberculosis, and expression of this gene is also not induced by DNA damage (Brooks et al., 2001) .
Members of the Y-family of DNA polymerases are in principle error prone with low stringency and have poor processivity compared with the replicative polymerases.
Their main physiological function is to carry out translesion synthesis (Lehmann, 2006; Ohmori et al., 2001) . Accordingly, the co-existance of DnaE2 and Cg0714 in C. glutamicum may represent a functional equivalent in translesion synthesis and damage-inducible mutagenesis of the UmuD9 2 C DNA polymerase known from E. coli (Galhardo et al., 2005) .
HNH endonucleases and HNHc domain proteins are grouped into the SOS regulon of C. glutamicum
Interestingly, six genes identified as part of the LexA regulon encode HNH endonucleases (cg1255, cg2733) or proteins that possess at least a conserved HNHc domain (cg0875, cg1059, cg2504, cg2683). HNH endonucleases represent one of the four families of homing endonucleases, and are ubiquitous enzymes named after the conserved amino acid residues constituting the active site (Stoddard, 2005) . Genes for homing endonucleases are often linked to self-splicing group I or II introns or inteins, but many bacterial genomes also encode a large number of so-called freestanding endonucleases that are not encoded within self-splicing elements (Stoddard, 2005 . Experimental evidence suggests that genes for homing endonucleases are mobile genetic elements, promoting their spread by a doublestrand-break repair pathway (Gibb & Edgell, 2007) . As part of a bacterial SOS regulon, freestanding homing endonucleases and HNHc domain proteins might be involved in DNA damage repair by homologous recombination when DNA replication is interrupted due to excessive damage and double-strand breaks.
The great unknown: hypothetical proteins with unknown function and proteins with general function predictions Seventeen out of the 48 genes found to be regulated by LexA in C. glutamicum have unknown functions in the SOS response of the cell. The genes encode putative secreted proteins (cg1427, cg1883, cg1977), putative membrane proteins (cg0742, cg1408, cg1884), components of potential transporters (cg0834, cg1288, cg1289, cg2277, cg2279) and hypothetical proteins without any similarity to domains of known function (cg0841, cg2026, cg2034, cg2381, cg2449 and cg3345). For some of the other genes, general function predictions are available, including cg0470, cg0471, cg1080, cg1559 and cg1881 (Tables 2 and 3 ). The cg0470 and cg0471 genes both encode conserved secreted proteins with an HtaA domain, which is found in secreted proteins implicated in iron acquisition and transport (Finn et al., 2008) . Expression of both genes has been shown to be repressed by the iron-dependent transcription regulator DtxR (Brune et al., 2006) , linking the SOS response of C. glutamicum with iron homeostasis. The cg1080 gene encodes a putative multicopper oxidase with a hitherto unknown physiological function, and the cg1559 gene encodes a putative Zn-dependent hydrolase ( Table 2) . The latter gene is located adjacent to uvrA, both sharing a common SOS box in the intergenic region. The cg1881 gene of C. glutamicum encodes a putative iron-dependent peroxidase with a typical Dyp-type peroxidase family signature, and might be involved in the cellular stress response (Finn et al., 2008) . Nevertheless, for all the listed genes, it is still not known how they contribute to the SOS response of C. glutamicum.
Is LexA involved in transcriptional activation of SOS gene expression?
LexA generally acts as a repressor of SOS genes under normal growth conditions and is inactivated by RecA-induced self-cleavage during the SOS response. Up to now, there have been only two reports that describe LexA as functioning also as an activator of individual transcription units. First, in Rhodobacter sphaeroides, LexA has dual activity and, depending on the protein concentration, may either repress or stimulate transcription from the recA promoter to perform fine-tuning of the SOS response (Tapias et al., 2002) . Second, in the cyanobacterium Synechocystis sp. PCC 6803, LexA has been found to activate expression of the hox operon, which encodes the bidirectional NiFe-hydrogenase of this organism (Gutekunst et al., 2005) . In addition, the dnaB gene and the predicted coding region CC_2433 from Caulobacter crescentus are downregulated in a lexA mutant, and both genes contain SOS boxes with significant scores. This is indicative of a positive direct or indirect regulation of these genes by the LexA protein (da Rocha et al., 2008) . In this study, we made observations indicating that LexA not only is a repressor of SOS genes in C. glutamicum but also could be involved in activation of expression of four genes: cg0834, putP, pdxS and pdxT. How the LexA protein might exert a regulatory role in activation of gene expression in C. glutamicum remains to be elucidated in detail. The observed downregulation of putP and pdxST in the lexA mutant C. glutamicum NJ2114 might alternatively be the outcome of a more complex regulatory control of gene expression, since the two transcription units are coregulated by GlxR and PdxR, respectively (Fig. 6) .
The cg0834 gene encodes a putative substrate binding protein of an ABC-type transporter. This gene is not part of an operon, but it is located in a gene cluster with cg0831, cg0832 and cg0835, encoding predicted permease subunits and an ATPase of an ABC-type transporter of unknown function . This genetic organization suggests that Cg0834 is the cognate substrate binding protein of the ABC transporter. The activity of this transport system might be controlled by regulating the expression of its environmental sensor, i.e. by reducing the expression of cg0834 during the SOS response of C. glutamicum. The putP gene encodes a well-characterized proline/sodium symporter of C. glutamicum that is responsible for proline uptake for anabolic purposes (Peter et al., 1997) .
The genes pdxS and pdxT, most likely organized as an operon in C. glutamicum, encode enzyme subunits jointly catalysing the biosynthesis of pyridoxal 59-phosphate (PLP) (McHardy et al., 2003) . PLP is the biologically active form of vitamin B 6 , an essential cofactor of numerous metabolic enzymes predominantly involved in amino acid metabolism (Fitzpatrick et al., 2007) . PdxS and PdxT are key enzymes of the deoxyxylulose 5-phosphate (DXP)-independent pathway of vitamin B 6 biosynthesis, and the protein complex is now referred to as PLP synthase. Expression of pdxS and pdxT is activated in C. glutamicum by the transcription regulator PdxR, which contains an amino-terminal helix-turn-helix motif and a carboxy-terminal aminotransferase domain (McHardy et al., 2003) . This combination of DNA binding and enzymic protein domains is characteristic of members of the MocR subfamily of GntR-type transcriptional regulators (Rigali et al., 2002) . Reducing the biosynthesis of PLP upon induction of the SOS response may represent a central switch in the metabolic control of C. glutamicum to affect the activity of numerous enzymes using PLP as cofactor. Therefore, the coregulation of pdxST gene expression by PdxR and LexA is currently under investigation to clarify the role of PLP biosynthesis in the SOS response of C. glutamicum.
LexA controls cell division of C. glutamicum by regulating divS and ftsK expression under SOS conditions
The lexA-divS intergenic region of C. glutamicum contains four SOS boxes that are bound by purified LexA protein in vitro (Fig. 1) . Promoter mapping data suggested that three SOS boxes are used for autoregulation of lexA, while the fourth LexA binding site is involved in controlling expression of the cell division suppressor gene divS (Ogino et al., 2008) and the nrdR gene, which encodes a regulator of deoxyribonucleotide biosynthesis (Brune et al., 2005) . Likewise, four potential LexA binding sites have been detected upstream of the lexA coding region in M.
tuberculosis, but only one of these SOS boxes is required for regulation of lexA transcription .
The other SOS boxes are involved in controlling the expression of the cell division suppressor gene chiZ (rv2719c), which is divergently transcribed relative to lexA . Despite a similar genetic organization of this highly conserved actinobacterial gene region, regulation of divS and chiZ expression is apparently different in the two organisms. Furthermore, transcription of the divS-nrdR operon in C. glutamicum is under the control of a housekeeping promoter and a LexA-regulated promoter (Fig. 1) . This means that divS-nrdR transcription is carried out from a proximal housekeeping promoter under normal growth conditions and from a strong distal promoter, when LexA binding to LexA-1 is prevented under SOS conditions.
The cell division suppressor DivS has been shown to be SOS-inducible in a RecA-mediated manner in C. glutamicum R (Ogino et al., 2008) . The functionally related cell division suppressors from Bacillus subtilis (YneA) and M. tuberculosis (ChiZ) show no amino acid sequence similarity to DivS, but their genes are divergently transcribed relative to lexA in the respective genomes. In contrast to the soluble cell division suppressor SulA from E. coli, which blocks cell division by interacting directly with FtsZ and inhibiting FtsZ polymer assembly and GTP hydrolysis (Justice et al., 2000; Mukherjee et al., 1998) , YneA and ChiZ contain a single integral transmembrane region and are proposed to act indirectly on FtsZ ring formation (Ogino et al., 2008) .
The exact mechanism of cell division suppression by YneA and ChiZ still needs to be clarified experimentally. The cell division suppressor genes sulA and chiZ belong to the most tightly repressed SOS genes in E. coli and M. tuberculosis 
